ABSTRACT: We analysed climate change impacts on the growth and natural mortality of forest tree species and forest carbon (C) balance along an elevation gradient extending from the Pannonian lowland to the West Carpathian Mountains (Central Europe). Norway spruce Picea abies, European beech Fagus sylvatica, and oak Quercus sp. were investigated for 2 future time periods: 2021-2050 and 2071-2100. The period 1961-1990 was used as reference. Forest growth simulations were based on the SIBYLA tree growth simulator (an empirical model), and C cycle-related simulations were performed using BIOME-BGC (a process-based biogeochemical model). Growth simulations indicated that climate change will substantially affect the growth of spruce and beech, but not of oak, in Central Europe. Growth of spruce and beech in their upper distribution ranges was projected to improve, while drought-induced production decline was projected at the species' receding edges. Beech was the only species projected to decline critically at lower elevations. C cycle simulations performed for the zone of ecological optima of the 3 tree species indicated that these forests are likely to remain net carbon dioxide sinks in the future, although the magnitude of their sequestration capacity will differ. Increasing nitrogen deposition and atmospheric carbon dioxide concentration were projected to greatly affect the forest C cycle. A multi-model assessment based on SIBYLA and BIOME-BGC simulations performed for the zone of ecological optima suggested that oak production will either remain the same as in the reference period or will increase. Future production of beech seems uncertain and might decline, while spruce production is likely to increase. The results also confirmed the value of multi-model approaches for assessing future forest development under climate change.
INTRODUCTION
Climate change-related alterations of the atmosphere's chemical composition, increased temperature, changes in precipitation patterns, as well as subsequent alteration of forest disturbance regimes are anticipated to have profound impacts on forests worldwide (Ainsworth & Long 2005 , Goldblum & Rigg 2005 . Changes in temperature, precipitation, and atmospheric composition are likely to affect the growth and mortality of forest trees (Lenihan et al. 2003 , Matala et al. 2005 , Battles et al. 2006 , and thereby affect the ecological stability of forests. Forest responses to climate change can be both positive and negative, and can vary across latitudinal and altitudinal gradients, bioclimatic zones, and forest types . In contrast to other sectors (e.g. agriculture), forests are especially sensitive to climate change because of their long life spans, which do not allow for functional adaptation.
With respect to the distribution ranges of species, minimum temperatures are particularly important in limiting tree expansion and vitality at greater latitudes and altitudes (Colwell et al. 2008) . Therefore, climate change can stimulate tree growth while supporting species expansion toward the poles and at higher elevations (Walther et al. 2002) . Increased temperatures moderate climates at higher elevations and latitudes and prolong the growing season, thus improving tree growth, reproduction, and survival. As a consequence, mountain treelines have shifted upwards by as much as 130 m over the past 50 yr (Walther 2003) . Recent observations have also described a climate changerelated downhill shift of plant species optima (Crimmins et al. 2011 ) as a consequence of increasing water availability that outpaces evaporative demand. However, this can be regarded as a very specific response.
In contrast to the mostly positive responses of trees to climate change at higher latitudes and altitudes, low water availability can interact with high temperatures to limit the growth of a tree species at its lower range limits (Jump et al. 2006 , Colwell et al. 2008 . Some European forest tree species are in decline at their lower range limits, due to increased mortality and reduced reproduction linked to increasing temperatures and drought stress (Geßler et al. 2007 , Peñuelas et al. 2007 .
Climate change impacts on Central European forests have rarely been studied. Most previous studies have focused on mountain forests (e.g. Kienast et al. 1996) in the Alpine mountains (e.g. Wieser et al. 2009 , Gimmi et al. 2010 ) and at northern latitudes (e.g. Matala et al. 2003 Matala et al. , 2005 . Data for impacts on vegetation in Central European planar and colline zones are lacking. Be cause the results of such studies are often contra dictory, especially in the case of carbon (C) cycle simulations (Karjalainen et al. 2003 , Davi et al. 2006 , Wame link et al. 2009 ), and because considerable uncertainty is associated with simulated values (Valle et al. 2009 ), the applicability of such information for forest management is limited. Based on Austrian forest inventory data and a modelling exercise, Lexer et al. (2000) projected no abrupt forest dieback up to 2050 in Austrian alpine forests, but substantial changes in species composition of natural potential vegetation may occur. Wamelink et al. (2009) used data from European forest monitoring plots to project the changes in C sequestration by European forests. They found a negative trend in C sequestration in forest soils and a positive trend in tree biomass by 2070 for Central Europe. However, their study did not include data from Slovakia, Czech Republic, Poland, and Hungary. Davi et al. (2006) analysed the sensitivity of C fluxes to climate change in 6 representative forest ecosystems in Western Europe. These authors found that all ecosystems will remain C sinks, but that sink strength will slightly decrease for coniferous forests and will increase for deciduous forests. In contrast, Lindner et al. (2010) stated that forests in the temperate continental zone (most of Central Europe) could turn into C sources in the distant future because of climate change. Similarly, Barcza et al. (2009) suggested that Central European forests, rather than taking up C on an annual basis, could potentially become C sources under specific environmental conditions. Other studies have projected sustained but decreasing forest C sequestration in the future (Karjalainen et al. 2003) or even increased C sequestration in Europe north of 50° latitude until 2070 (Wamelink et al. 2009 ).
The main goal of this paper is to analyse impacts of future climate change on tree growth, tree mortality, and C balance in several Central European forest ecosystems. We focus on Norway spruce Picea abies L., European beech Fagus sylvatica L., and oak Quercus sp. stands distributed along an elevation gradient extending from the Pannonian lowland to the West Carpathian Mountains.
Global processes present at large spatial scales can be observed at smaller scales, where altitudinal control prevails over latitudinal control of vegetation distribution (Jump et al. 2009 ). We used the diverse natural conditions of the study region as well as its intensive climatic gradient to assess climate-change impacts on the investigated tree species. We are especially concerned with how climate change will affect expansion of species distribution at higher elevations, droughtinduced retraction of distribution and production de cline at lower elevations, and shifts in production optima.
We hypothesize that C sequestration will decrease in response to the expected warming and increased occurrence of drought stress, and that C sequestration will increase in response to enhanced nutrient availability and, at higher elevations, to prolonged growing seasons. It follows that changes in C sequestration in response to climate change could be site and species specific. Further, we expect that rising atmospheric nitrogen (N) deposition and carbon dioxide (CO 2 ) concentrations will substantially affect the forest C cycle (e.g. see Norby et al. 2005 , De Vries & Posch 2011 ; N deposition is generally ex pected to affect forest growth in many ecosystems (Mag nani et al. 2007 .
Novel aspects of this study are that it projects and quantifies changes in forest production with relatively dense spatial sampling, and provides a multi-model assessment of forest stand production and C balance within the presently assumed ecological optima of spruce, beech and oak. In addition, the combined use of em pirical and process-based models enhances output robustness (Link & Barker 2006 , Valle et al. 2009 ) and also stresses model limitations.
MATERIALS AND METHODS

Study region
The study region is situated in the Temperate Continental Bioclimatic Zone (Rivas-Martínez et al. 2004 ). The region extends from the Pannonian lowland in the south, with mostly xerothermophilous vegetation, to the High Tatra Mountains (West Carpathians) in the north, where the upper tree limit lies (see Table 1 ). Because most Central European forest vegetation zones are present here, this region is useful for investigating climate change-driven processes over a range of forest communities, inferring their expected interactions, and assessing regional changes in forest production and C balance. The region is located in a vulnerable area, where the strength of climate change might be amplified by a factor of 1.2 to 1.5 relative to the global average (Bartholy et al. 2007 ). Projected temperature increase for this region by 2100 is 3 to 4°C. Precipitation is expected to increase by up to 10% mainly in the winter months, while summer precipitation is expected to decrease by as much as 10% (Christensen et al. 2007 ). Mountain regions (especially the High Tatras) are expected to experience even greater temperature increases, although projected precipitation amounts and patterns are subject to considerable uncertainty. Expected northward shifts of storm tracks, which could trigger drought and heat spells in Central Europe (Schär et al. 2004 , Giorgi & Coppola 2007 , could directly impact forest vegetation. Forest growth, regeneration, and survival are expected to be constrained, mainly by water scarcity at the xeric limits of the species.
Climate models and data post-processing
The regional climate models (RCMs) ALADIN Climate/CZ, RegCM beta ELU/HU, ALADIN-Climate HMS/HU, and RegCM beta CUNI/CZ with horizontal spatial resolution of 10 km provided the daily-step series of climate elements for the impact models. The global climate models (GCMs) ARPEGE-Climat (MeteoFrance) (Courtier et al. 1991) and ECHAM5 (Roeckner et al. 2003 ) provided initial and boundary conditions for the RCMs. The climate scenarios indicate that the mean temperature will increase by ~3.3°C in the region, while annual precipitation will decrease by ~5% in the 2071-2100 period, compared to the reference period .
The IPCC SRES A1B scenario (Nakicenovic & Swart 2000) described the future development of CO 2 emissions. The projections were produced for 2 future time periods: 2021-2050 (near future climate) and 2071-2100 (distant future climate).
Because a systematic over-or underestimation can occur in precipitation scenarios, we used the CRU TS 1.2 data (high-resolution gridded data set of interpolated meteorological observations with monthly time step for the period 1901-2000; Mitchell et al. 2004 ) and the simulation data from the reference period to estimate the bias and correct the future precipitation scenario data. The missing intervals (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) (2061) (2062) (2063) (2064) (2065) (2066) (2067) (2068) (2069) (2070) were filled following the method of Morales et al. (2007) . Because this method can provide monthly estimates for the transient periods, the C2W weather generator (Bürger 1997 ) was used to create the daily data.
Impact models and methods
SIBYLA
The SIBYLA growth simulator (Fabrika & Ď urský 2005 (Fabrika & Ď urský , 2006 ) was used to model climate change impacts on tree production and natural mortality. SIBYLA is an individual-tree, distance-dependent model. It is an empirical, ecological niche-based model that simulates the growth of individual trees and in doing so, evaluates inter-and intraspecific competition among trees. The growth sub-model was originally designed by Pretzsch & Kahn (1998) . Growth responses to respective environmental parameters were formalized according to Kahn (1994) . The mortality sub-model was described byĎurský et al. (1996) and Ď urský (1997) . Other model routines were not used in this study. SIBYLA was parameterised and validated using forest inventory data from Slovakia and Germany. Because the model's growth and mortality routines are climate sensitive, the simulator should be well suited for modelling the impacts of climate change on forest development.
The simulations were run on virtual sample plots with an average size of 0.25 ha. The soil moisture and nutrition regimes represent a plot's surrounding area (5 km circle). The plots were arranged along a gradient crossing through all vegetation zones (VZs) in the study region (Table 1) (Zlatník 1976) . We assumed that the vegetation in these zones is currently at a stable state, and we compared this current state with projected changes. All simulations were run under the ALADIN-Climate/CZ climate change scenario.
Average values for production and natural mortality of 40, 60, 80, and 100 yr old forest stands (age at beginning of simulation periods) at the end of three 30 yr simulation periods (1961-1990, 2021-2050, 2071-2100) were investigated in relation to the VZs. The growth of each species was simulated at all plots within the range of species-specific limiting environmental conditions. The simulations were run under the following conditions: (1) no management is applied except for removal of dead trees; (2) only natural tree mortality occurs (no disturbances); (3) stand density is 0.9; and (4) mean site class and mean volume level are used.
The following procedures were applied to allow for statistical analysis of simulation outputs: (1) 10 random stand structures with altered tree distribution were generated for each plot; (2) Each growth simulation was run 10 × for each stand structure, and tree increment and mortality were stochastically altered each time; and (3) Growth of each species was simulated within a range of tree species compositions, including monospecific composition, which naturally occur in a given VZ.
The following quantities were investigated: (1) total volume production, calculated as the sum of growing stock at the end of the simulation period, and mortality during the simulation period; (2) change in growing stock, calculated as the difference between the growing stock at the end and that at the beginning of the 30 yr simulation periods; and (3) cumulative volume of dead trees, calculated as the sum of naturally dying trees during the simulation period.
The relative change between the growing stock at the end and that at the beginning of the 30 yr simulation periods was calculated as the difference between final and initial stock relative to the initial growing stock (%). Because the initial growing stock was uniform for all 30 yr simulations, the temporal evolution of the relative change in growing stock can be directly translated into absolute growing stock (stem and root) increment.
The final analysis examined the differences in mean values of total volume production, change in growing stock, and cumulative volume of dead trees at the end of the simulation periods in all plots within the respective VZs. This design allowed us to include a large part of the variability in natural conditions for each VZ. To allow for broader use of the results, we investigated relative rather than absolute changes.
2.3.2. BIOME-BGC BIOME-BGC is a process-based, mechanistic biogeochemical model for simulating C, N, and water fluxes in different terrestrial ecosystems, such as deciduous and evergreen forests, grasslands, and shrublands (White et al. 2000 , Churkina et al. 2003 . Because BIOME-BGC deals with the N cycle, the effect of changing N deposition can be included in the analysis. The model requires daily meteorological data, geomorphologic and soil characteristics, and ecophysiological parameters (see White et al. 2000 for details). BIOME-BGC 4.1.1 with modifications described by Trusilova et al. (2009) was used to simulate the present and future C cycle of 3 unmanaged forest stands (Table 2) . Intensive monitoring plots (IMPs) operated within the European monitoring network (ICP Forests) since 1995 were the subject of analysis. Forest C balance was described by the changing C stocks (living biomass, dead wood, litter, soil organic C) and by the main C fluxes of the ecosystem from the atmospheric viewpoint (gross primary production: GPP, total ecosystem respiration: R eco , and net ecosystem exchange: NEE, where NEE = R eco -GPP; Churkina et al. 2003) . The relative change in the growing stock during the 30 yr simulation periods and total volume production were also analysed. Forest age was taken into account following the method of . We used the model's spin-up option to estimate initial values of the soil C and N pools (see Churkina et al. 2003 for details). We used CRU TS 1.2 data for the spinup phase. The MT-CLIM model (Thornton & Running 1999 ) was used for estimating the missing meteorological variables (mean daytime vapour pressure deficit, mean daytime global radiation, and mean daytime temperature). Historical CO 2 mixing ratio data were estimated based on the Law Dome ice core measurements and Mauna Loa 222 Table 1 . Description of plots used for tree growth simulations and species simulated. Dominant species are given with the assumption of natural tree species distribution; species cultivation range is different in most cases. T: air temperature, P: total precipitation (annual means, 1961-1990) observations (Keeling & Whorf 2004) . The SRES data were used for estimating future CO 2 concentration (A1B scenario; Nakicenovic & Swart 2000) . N-deposition data are not available for the study region; thus, we used model outputs for reconstructing the past N deposition ). Future evolution of N deposition was estimated based on a data set provided by Dentener (2006) . Continuous stand development was simulated up to 2100 for all 3 plots, following clear-cut in the first half of the 20th century (Design 1). In addition, simulations starting in 1901, 1961, and 2011 were performed to allow stand age to reach 60 yr at the beginning of each 30 yr simulation period (1961-1990, 2021-2050, 2071 -2100) (Design 2). The continuous stand development simulations were run under 4 CO 2 concentrations and N-deposition scenarios combined with the RCMs. The scenarios were as follows: (1) The simulations under Design 2 were performed using only the ALADIN Climate/CZ climate model combined with the baseline CO 2 concentration and Ndeposition scenario. Such a design allowed us to properly compare BIOME-BGC outputs with SIBYLA simulations and to conduct a multi-model assessment of future forest production.
ALADIN Climate/CZ also represents well the ensemble of the 4 RCMs that were previously mentioned. Design 1 allowed us to separate the effect of CO 2 concentration from that of N deposition on forest C balance. In this design, changes in climate remained mixed with the inherent development of forest biomass over the course of forest development (age effect). Design 2 aimed to quantify only the effect of climate change.
Model calibration used plot-specific data on stem, root, and leaf C content for the period 1997-2008. The ecophysiological parameterisation was based on species-specific parameters (Pietsch et al. 2005) . proposed that BIOME-BGC model calibration for forests should involve only 2 site parameters: biological (symbiotic and asymbiotic) N fixation and effective soil depth. The maximum likelihood method (Hollinger & Richardson 2005) was used for estimating these parameters. At the site IMP 54-206 (beech), an additional ecophysiological model parameter ('ALLOCATION: new root C: new stem C'; White et al. 2000) was also modified to resolve the discrepancy between measured and simulated C pools.
Constant mortality (equal to mortality during the reference period) was primarily used in C cycle simulations, following the logic of BIOME-BGC 4.1.1 (Pietsch et al. 2005) . With regard to the high sensitivity of BIOME-BGC to mortality as well as to the unrealistic assumption of stable forest mortality under climate change, we also performed simulations with a modified version of the model using mortality that varied annually; annual variations in mortality were provided by the SIBYLA model for each species.
Model comparison
We compared the relative values of total volume production and change in forest growing stock produced by the SIBYLA and BIOME-BGC models in the zone of present ecological optima of the species. To cope with different experimental designs, we used only those SIBYLA plots where natural conditions are closest to BIOME-BGC plots for the comparisons (the selected plots were in the 1st VZ for oak, the 3rd VZ for beech, and the 7th VZ for spruce). To ensure the consistency of BIOME-BGC and SIBYLA outputs, we used only those simulations that were driven by the ALADIN Climate/CZ RCM under the baseline CO 2 concentration and N-deposition scenario.
Simulations of 60 yr old forest stands (initial age at the beginning of 30 yr simulation periods) were compared. A weighted average of 3 model simulations was used to reach a balanced influence of the 2 models on the estimated general trend of future forest production. These simulations included BIOME-BGC simulations based on 60 yr old forests at the beginning of the 30 yr periods (Design 2) with constant mortality (w = 0.25), BIOME-BGC simulations (Design 2) with dynamic mortality (w = 0.25), and SIBYLA simulations (w = 0.5). In the case of SIBYLA simulations, the initial volume of all simulated stands was held constant at the beginning of all simulation periods, i.e. the volume differed by age and species, but not by time period. However, this must be re garded as an assumption because such stands reach a given age under different climates. In contrast, the BIOME-BGC simu lations described be low are not burdened by this assumption, because stand development is always simulated from Age 0. Although this difference affects the comparison of relative changes in growing stock be tween the SIBYLA and BIOME-BGC models, it should not greatly influence the results.
In the case of oak, we investigated the C balance of a Turkey oak Quercus cerris stand, but we used a growth simulator that was parameterised for oak in general (Quercus sp.); this can produce some incon sistencies, because oak species can differ in their responses to climate change (e.g. see Wamelink et al. 2009 ).
RESULTS
Climate change impacts on forest tree growth and mortality
The growing stock of oak stands modelled under the reference climate in VZs 1 to 3 was constant, while the growing stock markedly decreased in higher elevation zones dominated by beech and fir (Fig. 1) . Changes induced by climate change in oak production within its current ecological optimum (VZs 1 to 3) were negligible, fluctuating around the reference level by ±1 to 3% in both the near future and distant future (Fig. 2) . The production was projected to improve by up to 8% in VZ 6, which is, however, beyond the limit of present oak distribution. The mortality response was more or less stable throughout all VZs, or even decreasing in VZ 1 and 2.
Changes in the production of spruce and beech exhibited similar responses across the VZs (Fig. 1) . Production of both species was subject to decline at the receding edge (i.e. at the lower part of the distribution range of the species), while a significant increase in production was projected at the upper edge at higher elevations. The mortality pattern was less clear and varied between the species (Fig. 2) .
In the reference period, the production optimum for beech was in VZs 3 to 5 (Fig. 1) . The simulated change in growing volume in VZs 7 to 8 was negative, indicating that mortality was greater than the increment. This corresponds with the current beech-free status of these zones. In the near future, beech production was projected to decline by 5 to 10% in VZs 1 to 2, where various oak species naturally dominate (mainly Quercus cerris, Q. robur, and Q. petraea). A de crease in beech production by as much as 10% was also projected in VZs 3 to 4, which is presently the ecological optimum for beech. Production in the 5th VZ remained similar to that of the reference period, while an improvement of 15 to 40% was projected in VZs 6 to 8. The change in growing stock in the 8th VZ was zero (versus −150% in the reference climate); thus, the climate was projected to continue to critically limit the growth of beech in that VZ (without consideration of edaphic limitations). The small gains in VZs 6 to 7 prevented the increase from compensating for the reduced production in the dominant VZs 3 to 4. The mortality response was relatively stable, and varied around the reference level by ± 4 to 5% throughout all VZs. Beech production response in the distant future corresponded to that of the near future, except that it was more pronounced. The 1st and 2nd VZs were critical, because the differences between the final and initial stock volumes turned negative. Reduction in the growing stock by as much as 50% compared to the beginning of the simulation period, along with an increase in natural mortality by up to 30%, indicated a radical, drought-induced reduction of beech distribution in the distant future. The mortality significantly increased (20 to 40%) in VZs 1 to 6, while it decreased in the marginal VZs 7 to 8. The shape of this response lacks reasonable ecological interpretation.
In the case of spruce, the simulations indicated monotonic increases in both spruce production and natural mortality across all VZs. Compared to the reference period, production was projected to decline in VZs 4 to 5 (which represent spruce's production optimum in the reference period; Fig. 1 ) but increase in VZs 6 to 8. This trend was projected to be more pronounced in the distant future than in the near future. Increased production in VZs 6 to 7, which are the VZs with the highest proportion of spruce, could positively influence regional forest production. The production optimum for spruce was projected to shift in the distant future from the 5th VZ (the reference) to the 6th to 7th VZ. This tendency was accompanied by an increasing rate of spruce mortality in VZs 6 to 8, while reduced mortality was projected in VZs 4 to 5. In contrast to beech, the change in spruce growing stock remained positive, even at its present lower distribution range (4th VZ).
Climate change impacts on forest C balance
3.2.1. Continuous stand development with constant mortality (Design 1)
The content of the main C pools increased continuously since the recovery period that followed the disturbance (clear-cut) event in the 1920s and 1930s for all investigated species. The simulated values compared well with the measured data, although there were minor deviations of modelled values from observed values for above-ground biomass (Fig. 3) . However, because the maximum likelihood method used for the calibration secures the unbiased simulation during the calibration period, overall there is no over-or underestimation of the C pools.
During stand development of oak, stem and root increments were estimated to decrease by ~10% in the near future and by ~30% in the distant future. In the case of beech, stem and root increments were projected to remain essentially unchanged in the near future but to decrease by 25% in the distant future. In the case of spruce, stem increment was projected to remain unchanged in the near future, while root increment was projected to decrease by 16%. According to projections for the distant future, stem increment will decrease by 26% while root increment will decrease by as much as 40% relative to the reference period (see Table 3 and Fig. 4 for stem increments). GPP and R eco were projected to increase after the year 2000 for all 3 plots (Table 3) . NEE, which represents the small residual of the 2 large fluxes of GPP and R eco , showed a slight tendency to increase for all species, indicating lower C uptake in the future (Fig. 4) . C sequestration was projected to increase for beech and spruce in the near future but to decrease in the distant future. The results indicate that the forests are likely to remain net C sinks, assuming that they continue to develop to the age of 160 to 180 yr (they would reach those ages in ~2100) without any disturbances.
To separate the effects of N deposition and CO 2 fertilization, we simulated continuous growth of the forest stands under alternative CO 2 -concentration and Ndeposition scenarios: FC, FN, and FN-FC (see section 2.3). Fig. 4 shows differences between simulations of stem increment and NEE under these different CO 2 -concentration and N-deposition scenarios. For oak, both stem increment and NEE suggested that the model simulations under the FC scenario are closer to the baseline than to the FN scenario. This indicates that N deposition alone can explain the difference between the baseline and the FN-FC scenario. Thus, soils in the oak plot are probably N limited.
In contrast, the simulations at spruce and beech plots under the FC scenario were very similar to those under the FN-FC scenario. Thus, the impact of N deposition alone is less important in spruce and beech than in oak plots. The values produced under the FN scenario ranged between the FN-FC and baseline scenarios. Thus, CO 2 fertilization had a strong impact on the increments of spruce and beech. It is noteworthy that the values of the baseline scenario were different from those of the other scenarios.
Simulation of 60 to 90 yr old stands with constant and dynamic mortality (Design 2)
A mainly positive tendency was found for stem and root increments for all 3 species (Table 3) . For oak, stem and root increments in the near future responded differently to climate change under assumptions of constant and dynamic mortality, although the increments were very similar to one another during the reference and distant future (Fig. 5) . Stem and root increments were projected to increase in the distant future by ~40% relative to the reference period. In the case of beech, stem and root increments were projected to moderately increase, and to increase by ~14% in the distant future relative to the reference period. In the case of spruce, simulation with dynamic mortality indicated stable stem and root increments, while the simulation using constant mortality indicated an increase in stem and root increments of ~25% in the distant future.
The magnitudes of GPP and R eco were projected to increase for all 3 species, both with constant and dynamic mortality. Net C uptake showed a tendency to increase for all 3 sites (indicated by more negative values of future NEE). Except for oak simulations under the assumption of dynamic mortality, where C sequestration was projected to increase in the near future and decrease in the distant future, all other simulations showed a tendency toward increasing C sequestration.
Model comparison
During the reference period, the outputs produced by SIBYLA and BIOME-BGC were relatively similar for (Fig. 6 ). For beech, the predicted relative growing stock increment was greater with SIBYLA than with BIOME-BGC. Such results suggest that projected absolute values are less certain for beech than for spruce and oak. The average trends in relative change for the growing stock and total volume production indicated that oak production is not very vulnerable to climate change, because both models showed either balanced or improving forest stand development in the future. For beech, the relative growing stock increment was estimated by both models to decrease to different degrees, while results of simulations of total volume production were contradictory (BIOME-BGC indicated an in crease while SIBYLA indicated a decrease). For spruce, BIOME-BGC simulations with dynamic mortality were inconsistent with other simulations. The 2 remaining simulations -BIOME-BGC with constant mortality and SIBYLA -indicated similar relative net increment in the near-future climate, while the output of these models for the distant future were contradictory in that SIBYLA showed an increasing trend while BIOME-BGC showed a decreasing trend for relative net increment. These 2 simulations were highly consistent with respect to the development of total volume production by spruce. Based on this consistency, spruce pro duction at its present ecological optimum seems likely to increase in the future.
DISCUSSION
Limitations
Some limitations had to be imposed on the experimental design to make the analysis feasible. While the design of growth simulations covered a large part of the distribution range of oak, beech and spruce, the simulations related to the C cycle covered only the approximate ecological optima of these species. At these locations, the responses to climate change are not expected to be critical. Although climate change can affect forest growth and C balance by altering the frequency, intensity, duration, and timing of forest disturbances (Dale et al. 2001 ), factors such as fire, drought, introduced species, and insect and pathogen outbreaks were not considered. Additionally, no forest management alternatives to natural stand development were considered, although the influence of various thinning and harvesting techniques can profoundly affect forest ) for the reference period, near future, and distant future climates for stands developing continuously from the first half of the 20th century to 2100 (continuous simulation), as well as for stands at age 60 at the beginning of each simulation period (repetitive simulation). Error bars: SD stand biomass and tree vitality under changing climate (Lindner 2000) . Without these simplifications, an unwieldy number of possible alternatives would have been generated. Hence, our results represent a baseline scenario of future forest development.
Response patterns
The forest growth simulations indicated significant changes in the production and natural mortality of spruce and beech in response to changing climate in Central Europe. Oak, however, was found to be insensitive to climate change in this region. Because a steep elevation gradient greatly affects plant distribution in the study area, a shift of production optima to higher elevations and a drought-induced production decline at lower elevations were the main patterns generated by the growth simulations. By using altitude-forlatitude models of temperature similarity (Jump et al. 2009 ), the observed altitudinal shifts can be transferred to corresponding latitudinal shifts.
The C cycle simulations, which were performed in the zone of present ecological optima for each species, indicated that C sequestration in forests that were planted in the first half of the 20th century can be expected to decrease until the end of the 21st century relative to the reference period. This reflects the change in NPP to GPP ratio over the course of stand development (Mäkelä & Valentine 2001) , which is further modulated by changing environmental parameters. The average response of all investigated species indicated that the relative net growing stock increment during three 30 yr simulation periods will decrease from 65% in the reference period to 15% in the distant future (stand development from 60 to 175 yr).
The 30 yr simulations starting at stand age 60 in 1961, 2021, and 2071 suggested generally positive effects of climate change on C sequestration and tree growth for all 3 species, although results obtained under the assumption of dynamic mortality showed less sequestration in the distant future than in the near future (Fig. 5 ). All C cycle simulations suggested that the investigated ecosystems can be expected to remain net C sinks in the future (assuming that the forests develop without disturbance), although the magnitude of sequestration capacity differed among the 3 species. Responses to increasing CO 2 fertilization and N deposition differed as well, and these can be considered to be species specific. Overall, the joint impact of elevated CO 2 fertilization and N deposition was projected to increase C sequestration to some extent.
A multi-model assessment of future forest development suggested balanced or slightly declining relative growing stock increment of the 3 species in the zones of their present ecological optima, while total volume 230 Fig. 6 . Relative values of total volume production (future climate vs. reference period) and change in growing stock produced by the SIBYLA tree growth simulator and BIOME-BGC model under ALADIN Climate/CZ climate change scenario. Weighted average of these simulations is presented as well. Error bars: SD production generally increases. The degree to which the output of the 2 models agreed varied markedly among species and among investigated quantities.
Oak
Oaks are favoured by relatively warm and dry climates (Lorimer 1993) . Hence, most studies on oak responses to climate in Europe come from the Mediterranean (e.g. Sabaté et al. 2002) , while knowledge from Central Europe is rather incomplete. As expected, the current study indicated that oak production and mortality were almost insensitive to climate change in Central Europe. Production equal to that in the reference climate and even decreasing mortality in elevations up to ~300 m a.s.l. suggest sustainability of oak forests in this region. Increasing production in elevations above 400-500 m a.s.l. by up to 10% in the future suggests potential expansion of oak distribution upwards, especially on nutrient-poor and drier stands, where oak can successfully compete for resources with the resident species. Climate change is not expected to negatively affect the receding edge of oak forests in Central Europe provided that resident pests and pathogens (e.g. defoliators such as Lymantria dispar L. or tracheomicotic fungi such as species of Ceratocystis and Ophiostoma) do not increase their outbreak ranges (Hlásny & Turčáni 2009 ) and virulence, and provided that newly emerging species (Bolte et al. 2009 ) do not substantially alter the present forest disturbance regime.
C cycle simulations of 60 to 90 yr old oak stands suggested that oak production and net C uptake will increase in the near future under the assumptions of either constant or dynamic mortality; this trend was projected to remain constant or decrease in the distant future relative to the near future. Our multi-model assessment predicted balanced or slightly increasing relative growing stock increment, while total volume production was projected to rise. The latter, however, is subject to large uncertainty.
The C cycle simulations in this study can be compared with those of Davi et al. (2006) , who predicted the future C cycle of Western European forests (the effect of N deposition was not included). These authors found that net C uptake of a sessile oak (Quercus patraea) stand (Fontainebleau, France, temperate cli mate, 120 m a.s.l., 136 yr old) increased from 1960 to 2000, and then, with minor fluctuations, was projected to remain stable until 2100. This finding is consistent with the SIBYLA results in the current study (in terms of stable productivity after 2000), while our BIOME-BGC simulations projected that C uptake will markedly increase in the near future and become stable afterward.
A recent assessment of the impact of climate change, increasing CO 2 concentration, and changing N deposition on C sequestration of European forests suggested that different oak species would respond differently to climate change (Wamelink et al. 2009 ); nevertheless, the study estimated that C sequestration averaged across oak species will increase by 64% up to 2070 throughout Europe. This corresponds with our BIOME-BGC simulations, which forecast an average increase in C uptake by oak of 50% up to 2050 (under the assumptions of either dynamic or constant mortality).
Beech
Beech is the most abundant native tree in Central Europe (Ellenberg 1996) , and it generally plays a central role in current forest transition strategies (Tarp et al. 2000) . Beech is a highly plastic and adaptable species, although it becomes climate sensitive close to its xeric distribution limit (Mátyás et al. 2010) . Our growth simulations indicated that the beech production optimum will shift in the distant future into a relatively narrow belt around 1200 m a.s.l. (from the elevation range approximately between 400 and 800 m a.s.l. under the reference climate) (Fig. 2) ; thus, the regional production of beech forests can be expected to decline. This agrees with Sykes & Prentice (1996) , who projected that beech and other temperate hardwoods would spread to the north and that climate warming would induce an increased rate of beech establishment as a successional response after disturbances.
In contrast to the projected increase in growth of beech at higher elevations, increased mortality and reduced production were projected to occur in its lower distribution range. Based on future projections of Ellenberg's drought index, Mátyás et al. (2010) suggested that beech at lower elevations in southeastern Europe could survive increasing drought, assuming that extreme events with subsequent pest outbreaks do not occur. This, however, is an unrealistic assumption. Other studies suggested a decline in beech regeneration (Czajkowski et al. 2005 , Peñuelas et al. 2007 , Lenoir et al. 2009 ) and an increase in mortality rates as a consequence of prolonged drought (Berki et al. 2009 ). Simulation under projected climatic change showed that beech could lose competitive ability if drought stress increases (Lindner 2000) . Dry and hot weather during summer were also found to strongly reduce net primary production of beech forests (Ciais et al. 2005) . This is consistent with our finding of a critical beech decline that was projected to occur in the distant future at elevations approximately up to 500 m a.s.l. (negative values for the relative change in growing volume in the 1st to 2nd VZ in the distant future indicate that mortality prevails over the increment).
The potential impacts of such developments on the regional production of beech forests in Slovakia can serve as an example. At present, up to 5% of beech stands in the country are distributed at elevations where beech mortality can occur, 70% lie in the zone of declining production (up to 20% in the distant future), 20% lie in the zone where production is supposed to be equal to that in the reference period, and only the remaining 5% lie in the zone of improved production (7th VZ, production improvement by up to 30%). However, the latter zone is presently almost free of beech; thus, significant human-assisted expansion of beech's upper distribution range will be needed to allow for the improved production to be realized in the 7th VZ. While the present findings indicate that the potential of beech to help European forests adapt to expected climate change is less than previously expected (e.g. Lindner 2000 , Bolte et al. 2009 ), beech's broad range of natural distribution and relatively low vulnerability to biotic and abiotic agents argue for its broader use, except in locations near its lower distribution limit. Generally, forest management is expected to support further expansion of beech in the conversion of declining spruce forests in Central Europe (Spiecker et al. 2004) .
For 60 to 90 yr old stands in the zone of beech's present ecological optimum, beech C cycle simulations showed continuously increasing C sequestration by up to 15% by 2100; this increase was projected regardless of whether mortality was assumed to be dynamic or constant. Multi-model assessment projected a slight decline in relative growing stock increment, while total volume production was projected to increase in the near future and remain stable thereafter. Distant future projections were very uncertain, and the models used showed contradictory tendencies. BIOME-BGC results agree with Davi et al. (2006) , who suggested that net C uptake of 2 beech stands (at 300 and 120 m a.s.l.) in Western Europe will generally increase until 2100 with minor fluctuations. The trend of increasing GPP and R eco reported by Davi et al. (2006) is also consistent with our results (see Table 3 ). A 69.1% increase in beech C uptake until 2070 (European mean) was predicted by Wamelink et al. (2009) , but this markedly exceeds the 8 to 15% increase in our simulations.
Spruce
Spruce is a highly vulnerable, water-demanding species that is currently distributed largely outside the range of its natural distribution in Central Europe (Ellenberg 1996) . Therefore, indirect climate change effects, particularly those acting through changes in forest disturbances, are much more pronounced in spruce than in other species (Eriksson et al. 2005 , Schütz et al. 2006 . This significantly limits the applicability of spruce growth and C cycle simulations that have not considered natural and human-induced disturbances. The spruce growth simulations indicated a generic response pattern of declining production at lower elevations and increasing production in spruce's ecologically (but not productively) optimal 7th VZ (1250-1550 m a.s.l.) by the end of the century. Because most spruce stands in Central Europe are distributed at lower elevations (Ellenberg 1996 , Spiecker et al. 2004 , however, the projected decline in spruce production in the elevation range 400-800 m a.s.l. could result in a significant decrease in forest biomass in the future; this decline would occur mainly in the Czech Republic, Slovakia, Poland and Germany, where spruce has been widely planted outside the narrow mountain range that represents its original distribution. In Slovakia, for example, 9% of all spruce stands are distributed at elevations where spruce production was projected to rise, while 20% of spruce stands are at elevations where production was expected to de cline significantly. Production of the remaining spruce stands was projected to re main more or less equal to that in the reference period. Spruce growth and survival at these elevations, however, could be threatened by future development of a 3rd generation of the spruce bark beetle (Ips typographus) (Hlásny et al. 2011) , as well as by increasing drought stress that would enhance spruce susceptibility to secondary agents (Dutilleul et al. 2000) . Thus, spruce is not expected to be sustained there. Bergh et al. (2003) suggested that spruce forests in Scandinavia will probably increase their productivity if they are not greatly damaged by increased bark beetle attacks. BIOME-BGC simulations with dynamic mortality predicted relatively stable growing stock increments and C uptake by spruce up to 2100, while these quantities were projected to increase under the assumption of constant mortality. Multi-model assessment based on SIBYLA and BIOME-BGC simulations showed a balanced relative growing stock increment and a continuous increase in total volume production with small uncertainty. Wamelink et al. (2009) suggested that C sequestration for Norway spruce in Europe could increase by 57.9% until 2070. The BIOME-BGC simulations showed the same tendency, although the projected increase is smaller (11 and 15% in the near and distant future, respectively). Regarding future development of mountain spruce forests in Central Europe, Wieser et al. (2009) projected GPP to rise in the European Alps by ~15% assuming an increase in mean annual temperature of 1.0°C, thus causing net eco -system production (NEP = -NEE) to be enhanced by 5% relative to the present situation. This corresponds well with our SIBYLA projections of a ~17% increase in spruce production in the near future (with ~1.7°C regional temperature increase) in the mountain zone and an increase in NEP by as much as 11% (average of BIOME-BGC simulations with constant and dynamic mortality). Hence, our simulations corroborate projections that C sequestration of timberline forest eco systems could increase in the future and that such ecosystems could act as important C sinks (Bergh & Linder 1999 , Zha et al. 2004 ).
Concluding remarks
The BIOME-BGC and SIBYLA simulations presented in this paper showed remarkable differences in model output. This appears to be a general problem of such modelling (e.g. see the conflicting results of Karjalainen et al. 2003 , Davi et al. 2006 , and Wamelink et al. 2009 ). The discrepancies presented emphasize the need for multi-model assessment of future forest development in order to clarify and highlight differences in model assumptions and model sensitivities to environmental and human interventions.
There is a growing need for the use of multi-model ensemble estimations for both present day forest productivity and C sequestration (Ťupek et al. 2010) as well as for climate change impact studies (Eggers et al. 2008) . Empirical forest growth models, such as the SIBYLA tree growth simulator, are mostly based on regression analysis-adapted growth curves concerning the relationships between age and height for different site conditions (Pretzsch 2009 ). Empirical growth models are capable of producing reliable outputs even under different climate change scenarios (Matala et al. 2005) , forest management (Lindner 2000) , or atmospheric pollution (Špulák & Souček 2010) . Such models are generally based on the conservation of climatic envelopes for species but they ignore the capacity of populations to modify their ecological niches in the future (Thuiller et al. 2006) . Process-based models, such as BIOME-BGC, focus on the proper description of fundamental physiological and biogeochemical processes, but they may lack predictive capabilities during extreme weather conditions (e.g. see Vetter et al. 2008) . Despite many simplifications, such as keeping inherently dynamic parameters constant (e.g. the partitioning of C allocation between aboveground and belowground compartments, or stand mortality) (Palmroth et al. 2006) , process-based models deliver broad sets of output variables that forest managers may need to predict future forest development (Pretzsch 2009 ). Mäkelä & Valentine (2001) argue that stand-growth models can give correct answers for the wrong reasons, and that statistical calibration of such models should therefore be avoided whenever possible. Instead, values of physiological parameters should come from measurements of the physiological processes themselves.
The projections of tree growth and natural mortality in this study can be used to improve forest management in response to changing climate. The projections can help managers optimize tree species distribution, identify the most vulnerable forest stands, and propose site-and species-specific adaptive measures. In addition, knowledge about changes in C sequestration capacity of forests can indicate ways in which forests could be more effectively used to mitigate climate change.
This study fills a gap in our understanding of how climate change will affect the growth and C cycle of Central European forests with emphasis on 3 tree species that are widespread in the region. The multi-model approach used in this study yielded more robust estimates of stand development than a single-model approach, but the study also demonstrated that there is substantial uncertainty associated with such modelling. An important challenge for interdisciplinary ecological research is to refine the parameterisations of forest models so as to establish a solid basis for robust multi-model assessment of future forest development. 
